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(54) [Title of the Invention] 

METHOD FOR MANUFACTURING P-ADDED HIGH-STRENGTH 
HIGH-TOUGHNESS LOW-CARBON STEEL 
(57) [Abstract] 

[Object] To provide a P-added high-strength high-toughness low-carbon steel. 
[Means for Resolution] To provide a method for manufacturing P-added high- 
strength high-toughness low-carbon steel, the method comprising a step of 
rolling a steel material containing from 0.04 to 0.2 mass % with caliber rolls in 
a temperature range from 400 ^C or more to Ac3 or less. 

[Claims] 

[Claim 1] A method for manufacturing P-added high-strength high-toughness 
low-carbon steel, the method comprising a step of rolling a steel material 
containing from 0.04 to 0.2 mass % P with caliber rolls in a temperature range 
from 400 ^'C or more to Ac3 or less. 

[Claim 2] The method as claimed in claim 1, wherein the steel material is rolled 
with grooved rolls by many passes. 

[Claim 3] The method as claimed in claim 1 or claim 2 for manufacturing a bar 
material, wherein an entire C section has a structure including ferrite grains of 
2 |im or less or these ferrite grains and carbide. 

[Claim 4] The method as claimed in any one of claims 1 to 3, wherein the steel 
contains C (carbon) of carbide including cementite as a chemical component 
and having a volume ratio of 20 or less %. 

[Claim 5] The method as claimed in any one of claims 1 to 4, wherein the steel 
contains Fe as a main chemical component, unavoidable impurities, 
0.80 or less mass % Si; 
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0.05 to 3.0 mass % Mn; and 

0.10 or less mass % Al. 
[Claim 6] A P-added high-strength high-toughness low-carbon steel, wherein 
the steel is a low-carbon steel containing 0.04 to 0.2 mass % P and having a 
yield point of 500 MPa or more and a strength of 550 MPa or more in a tension 
test conducted on a circular bar having a diameter of 3.5 mm and a gage length 
of 25 mm at a strain rate of 0.5 mm/min at room temperature. 
[Claim 7] A P-added high-strength high-toughness low-carbon steel, wherein 
the steel is a low-carbon steel containing 0.04 to 0.2 mass % P and having 
upper-shelf energy of 250 J or more in a Charpy impact test conducted on a JIS 
No. 4 V-notch test piece in a temperature range from room temperature to 78 
K. 

[Claim 8] A carbon steel as claimed in claim 6 or claim 7 of a bar material, 
wherein an entire C section has a structure including ferrite grains of 2 fim or 
less or these ferrite grains and carbide. 

[Claim 9] The carbon steel as claimed in any one of claims 6 to 8, wherein the 
steel contains C (carbon) of carbide including cementite as a chemical 
component and having a volume ratio of 20 or less %. 

[Claim 10] The carbon steel as claimed in any one of claims 6 to 9, wherein the 
steel contains Fe as a main chemical component, unavoidable impurities, 

0.80 or less mass % Si; 

0.05 to 3.0 mass % Mn; and 

0.10 or less mass % Al. 

[Detail Description of the Invention] 
[0001] 

[Technical Field to which the Invention Belongs] 
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The invention of this application relates to a method for manufacturing 
P-added high-strength high-toughness low-carbon steel. To be more specific, 
the invention of this application relates to a P (phosphorus)- added low-carbon 
steel and a new carbon steel also having high strength and high toughness and a 
method for manufacturing the same. 
[0002] 

[Prior Art and its Problems] 

In a low-carbon steel, much effort has been expended on removing P 
(phosphorus) in a refining process because P has a detrimental effect on 
toughness at low temperatures. The non-permission of presence of P makes it 
difficult to simplify a conventional refining process and has become an obstacle 
to the reuse of steel. 

[0003] In practice, for example, in a case where 0.1 mass % P is contained, an 
increase in ductility/brittleness transition temperature becomes as large as 40 
K. In this manner, in a carbon steel, P presents a problem of brittleness and 
hence much effort has been conventionally expended in the refining process to 
remove P. On the other hand, the inventors of this application have studied 
the refining of ferrite grains in an attempt to develop high-strength steel. In 
the course of this study, the inventors thought that the problem of brittleness 
caused by the presence of P could be overcome by the refinement of grains 
because the transition temperature is decreased to a large extent when the 
ferrite grains are refined. Further, if the amount of P in steel can be allowed 
to increase, a refining process for coping with the inclusion of P can be 
simplified, which might lead to an eco-material development utilizing the 
solid-solution strengthening ability of P. Still further, it is expected that P 
reduces a grain growth rate by a drag effect and is effective in the refinement 
of ferrite grains by phase transformation from y due to work hardening. 
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From the above point of view, it is thought that the addition of P to a refined 
ferrite grain structure could relax structure growing process conditions and 
increase strength in transformation structure. 

[0004] However, how to control the refinement of ferrite grains and the 

presence of P is a technically unexplored problem. 

[0005] 

[Means for solving the Problems] Therefore, the invention of this application is 
to provide, first, such a method for manufacturing P-added high-strength 
high-toughness low-carbon steel that includes a step of rolling a steel material 
containing from 0.04 to 0.2 mass % with caliber rolls in a temperature range 
from 400 or more to Ac3 or less, as a method for solving the above problem. 
Further, the invention of this application is to provide: secondly, the method as 
described above, wherein the steel material is rolled with grooved rolls by 
many passes; thirdly, the method as described above, wherein an entire C 
section has a structure including ferrite grains of 2 ^m or less or these ferrite 
grains and carbide; fourthly, the method as described above, wherein the steel 
contains C (carbon) of carbide including cementite as a chemical component 
and having a volume ratio of 20 or less % ; and fifthly, the method as described 
above in any one of the methods, wherein the steel contains Fe as a main 
chemical component, unavoidable impurities, 

0.80 or less mass % Si; 

0.05 to 3.0 mass % Mn; and 

0.10 or less mass % Al. 

Still further, the invention of this application is to provide: sixthly, a 
P-added high-strength high-toughness low-carbon steel, wherein the steel is a 
low-carbon steel containing 0.04 to 0.2 mass % P and having a yield point of 
500 MPa or more and a strength of 550 MPa or more in a tension test 
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conducted on a circular bar having a diameter of 3.5 mm and a gage length of 
25 mm at a strain rate of 0.5 mm/min at room temperature; seventhly, a 
P-added high- strength high-toughness low-carbon steel, wherein the steel is a 
low-carbon steel containing 0.04 to 0.2 mass % P and having upper-shelf energy 
of 250 J or more in a Charpy impact test conducted on a JIS No. 4 V-notch test 
piece in a temperature range from room temperature to 78 K; eighthly, a 
carbon steel, as described above, of a bar material, wherein an entire C section 
has a structure including ferrite grains of 2 \im or less or these ferrite grains 
and carbide; ninthly, the carbon steel as described above, wherein the steel 
contains C (carbon) of carbide including cementite as a chemical component 
and having a volume ratio of 20 or less % ; and tenthly, the carbon steel as 
described above in any one of the carbon steels, wherein the steel contains Fe 
as a main chemical component, unavoidable impurities, 

0.80 or less mass % Si; 

0.05 to 3.0 mass % Mn; and 

0.10 or less mass % Al. 
[0006] 

[Mode for Carrying Out the Invention] 

The invention of this application has the above-described features. 
The inventors found that the refinement of grains of low-carbon steel was 
achieved by the addition of P and warm working by caliber rolling, in 
particular, rolling with grooved rolls to thereby increase strength and 
toughness and have completed the invention on the basis of these findings. 
[0007] For example, to be specific, in the invention of this application, as the 
synergetic effect of the addition of P and the ultra-refinement, brittleness 
caused by the addition of P is substantially overcome and a solid solution 
strengthening ability is effectively achieved (for example, yield point increases 
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by 510 MPa and strength increases by 310 MPa). 

[0008] In the manufacturing of P-added high-strength high-toughness 
low-carbon steel in accordance with the invention, a steel material containing 
from 0.04 to 0.2 mass % P is a subject. Here, the amount of P is stipulated by 
the following reason. Usually, ductility/brittleness transition temperature is 
increased by 40 K by the addition of 0.1 mass % P. However, when the ferrite 
grains are refined by the invention, the transition temperature is substantially 
lowered, so that the problem of brittleness caused by the addition of P can be 
overcome by the refinement of grains. However, in the case of considering a 
requirement of (vTrs < - 20 ^C) of general structural materials, it is 
appropriate to limit the larger amount of P to 0.2 mass % . Further, since 
strength increases as the amount of P increases, it is appropriate to limit the 
smaller amount of P to 0.04 mass % in consideration of the effect of increasing 
effective strength. 

[0009] In the method of this invention, by caliber rolling, in particular, by 
multi-pass rolling with grooved rolls as the caliber rolling, a high-strength 
high-toughness low-carbon steel is achieved. Fig. 1 schematically illustrates a 
case where rolling with grooved rolls as caliber rolling is performed by many 
passes. A steel material is sequentially inserted between rolls each having a 
smaller diameter to reduce its cross-sectional area. The caliber rolling in this 
case is greatly characterized in that pressure is applied to the steel material 
from many directions. 

[0010] By warm-rolling the steel material with grooved rolls in a ferrite 
temperature range from 400 ®C to Ac3 point, for example, there is provided a 
steel material having a fine equiaxed ferrite structure having a grain size of 2 
lim or less in a C cross section. For example, in order to acquire ferrite grains 
of 2 ^m or less by warm rolling, crystal lattices are locally rotated at intervals 
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of 2 )im or less to make the respective regions ferrite grains having different 
crystal orientations. 

[0011] An advantage of manufacturing a bar material by the rolling with 
grooved rolls is as follows: since the grooved roll is constructed of a multi-step 
valley-shaped roll having different diameters (for example, face angle of 90 
degrees), multi-axial working can be applied to the bar material in one pass 
and the effect of multi-axial working can be further increased, for example, by 
turning the bar material 90 degrees and inserting the bar material between the 
grooved rolls in the successive passes to easily cause local lattice rotation, 
thereby facilitating and simplifying a process for refining a structure. 
[0012] The reduction of area per one pass in the multi-pass working is 
appropriately from 5 % to 15 %. This is because a heavy reduction larger 
than this value increases the generation of heat and because a light reduction 
smaller than this value allows introduced dislocation to recover, which makes it 
impossible to refine the structure by recrystallization. The reason why the 
temperature of rolling with grooved rolls is set from 400 ®C to Ac3 is as 
follows: if the temperature is lower than 400 ^C, it is difficult for dislocation 
rearrangement to occur during working or between passes and hence the 
structure simply becomes a ferrite structure and does not become equiaxed, 
whereas if the temperature is more than Ac3, the growth rate of the crystal 
grain is large and hence grain coarsening develops. 

[0013] In this regard, a cooling method after working and heat treatment is not 
limited. Needless to say, in the caliber rolling of this invention, an upper roll 
and a lower roll as shown in Fig. 1 do not always form a square groove opening. 
The upper roll and the lower roll may form a curved groove opening such as a 
circle or an ellipse. Alternatively, the lower roll may be flat and the lower roll 
and the upper roll may form a triangular groove opening. 
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[0014] The chemical composition of P-added low-carbon steel in accordance 
with this invention may contain Fe (iron) as a main component and unavoidable 
impurities and further stipulates a volume ratio of carbide including cementite 
for the amount of carbon. A range from 0 vol % to 20 vol % of carbide is 
appropriate. This is because if the amount of carbide is larger than 20 vol %, 
toughness remarkably deteriorates. 

[0015] In this regard, it is took into account that there is generally a 
relationship of C = 0.07 V between the amount of C (carbon) and volume % 
carbide (where C is weight % of carbon and V is volume % of carbide). As for 
the other components, preferably. Si is 0.80 or less mass % ; Mn is from 0.05 to 
3.0 mass %; and Al is 0.10 or less mass %. 

[0016] Although Si and Mn are preferable elements in the viewpoint of strength, 
they increase Ceq and hence, preferably. Si is 0.8 or less mass % and Mn is 
from 0.05 to 3.0 mass %• Al may be added as a deoxidizer. However, when 
the amount of Al is large, Al increases the volume of alumina as nonmetallic 
inclusion, which causes brittleness. Hence, preferably, Al is 0.10 or less 
mass %. 

[0017] Usually, ductility/brittleness transition temperature is increased by 40 K 
by the addition of 0.1 mass % P. However, in the invention of this application, 
when the ferrite grains are refined by the above-described method, the 
transition temperature is substantially lowered, so that the problem of 
brittleness caused by the addition of P can be overcome by the refinement of 
grains. Further, P is inexpensive and is excellent in solid solution 
strengthening ability and does not increase Ceq. In addition, if the steel 
material is allowed to contain P, a refining process can be simplified, which 
leads to the development of an eco-material. Moreover, P reduces stacking 
fault energy and increases an annealing twin crystal density and segregates at a 
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phase interface to decrease a growth rate by a drag effect, thereby becoming 
effective in the refinement of ferrite grains by phase transformation from y due 
to work hardening. 

[0018] In the invention of this application, low-carbon steel having the 
following remarkable characteristics is provided as P-added high-strength and 
high-toughness low-carbon steel. 

(I) A P-added high-strength high-toughness low-carbon steel, wherein the steel 
is a low-carbon steel containing 0.04 to 0.2 mass % P and having a yield point 
of 500 MPa or more and a strength of 550 MPa or more in a tension test 
conducted on a circular bar having a diameter of 3.5 mm and a gage length of 
25 mm at a strain rate of 0.5 mm/min at room temperature. 

(II) A P-added high-strength high-toughness low-carbon steel, wherein the steel 
is a low-carbon steel containing 0.04 to 0.2 mass % P and having upper-shelf 
energy of 250 J or more in a Charpy impact test conducted on a JIS No. 4 
V-notch test piece in a temperature range from room temperature to 78 K. 

(III) The above-described P-added high-strength high-toughness low-carbon 
steel in which vTrs < - 50°C. 

[0019] Here, vTrs (V-notch Charpy Test Transition Temperature) shows that a 
material has high toughness at a temperature higher than this value and causes 
brittle fracture at a temperature lower than this value and shows that the 
material can be used at temperatures higher than this value. Usually, when 
the material has vTrs lower than -20 ^C, the material is thought to be used as a 
structural material, so that the carbon steel in accordance with this invention 
satisfies this requirement. 

[0020] Therefore, an embodiment will be described and the invention of this 

application will be described in more detail. 

[0021] 
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[Embodiment] (1) There were prepared three test pieces having a component of 
Fe- 0.15C- 0.3Si- l.SMn and having 0.1 mass %, 0.02 mass %, and 0 mass % 
(comparative example) P added thereto, respectively. C (carbon) was 0.15 
weight %, as described above, but this rate is equivalent to 2.1 volume % 
carbide and nearly equal to observed value. There were prepared three sets of 
these kinds of test pieces that were melted by high frequency and hot-rolled 
(heated at 1523 K and then rolled at a reduction of 23 %). Two sets of these 
were further rolled stepwise with grooved rolls at 923 K to reduce the sectional 
area to 85 % for one set and to 90 % for another set and then were immediately 
subjected to water quenching. 

[0022] It is the inventive material that had 0.1 mass % P added and was rolled 
with grooved rolls. The material that had 0.02 mass % P added and was 
hot-rolled or rolled with grooved rolls and the material that had 0 mass % P 
added and was hot-rolled or rolled with grooved rolls are comparative 
materials. The rolling with grooved rolls was multi-pass working performed 
by the apparatus shown in Fig. 1. 

(2) Structures of the acquired inventive material and comparative materials 
were observed and their characteristics were evaluated by tests. 
[0023] As for the tests, a tension test was conducted on a circular bar having a 
parallel portion having a diameter of 3.5 mm ^ and a gage length of 25 mm at a 
strain rate of 0.5 mm/min by use of an extension meter at room temperature 
and a Charpy impact test was conducted on JIS No. 4 V-notch test pieces in a 
temperature range from room temperature to 78 K. Fig. 2 is a SEM 
photograph illustrating a C section of the test piece (square column having a 
side of 12 mm) ultra-refined by rolling with grooved rolls (warm rolled) at a 
reduction of area of 85 % • 

[0024] In the inventive material containing 0.1 mass % P, it is clearly seen that 
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uniform ferrite equiaxed refined grain structure having an average grain size 
of 1 or less was produced. Moreover, Fig. 3 shows the results of tension 
tests of the above test pieces ultra-refined by the rolling with grooved rolls 
(warm rolled) at a reduction of area of 85 % and a hot-rolled test pieces in 
contrast with each other. 

[0025] As is evident from the comparison between the test pieces rolled with 
grooved rolls and the hot-rolled test pieces, it is recognized that the inventive 
material having 0.1 mass % P added increased by 300 MPa in yield point and 
increased by 200 MPa in strength by the effect of ultra-refinement. Further, 
by the effect of addition of P, it is recognized that the inventive material 
increased by 90 MPa in yield point and increased by 95 MPa in strength as 
compared with the test piece having 0 % P added and rolled with grooved rolls. 
In addition, uniform elongation was kept. Since strengthening by the addition 
of P was recognized at the same level in the ultra-refined region as in the 
coarsened grain region, it could be verified that the addition of P effectively 
exerted a solid solution strengthening ability also in the ultra-refined region of 
an average grain size of 1 |im or less. 

[0026] With this, in the case of the inventive material (having 0.1 mass % P 
added and rolled with grooved rolls). It was found that P-added low-carbon 
steel having characteristics of 610 MPa as a yield point and 695 MPa as 
strength was produced. Fig. 4 shows the results of tension tests of the test 
pieces rolled with grooved rolls at a reduction of area of 90 % and the 
hot-rolled test piece in comparison with each other. 

[0027] It can be seen that that the inventive material having 0.1 mass % P 
added increased by 430 MPa in yield point and increased by 230 MPa in 
strength by the effect of ultra-refinement. Further, by the effect of addition of 
P, it is recognized that the inventive material increased by 130 MPa in yield 
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point and increased by 110 MPa in strength. In addition^ uniform elongation 
was kept. It can be seen that the low-carbon steel having 0.1 mass % P added 
and rolled with grooved rolls at a reduction of area of 90 % had characteristics 
of 750 MPa in yield point of and 780 MPa in strength. 
(3) As for the overcoming of brittleness that is a problem caused by the 
addition of P, as shown in the case of a reduction of area of 85 % in Fig. 5, it 
was verified that remarkable brittleness caused by the addition of P which is 
observed in coarsened grains could be overcome by shifting the 
ductility/brittleness transition temperature to a lower temperature side by a 
large amount (more than 50 K) by the refinement. In particular, attention 
must be paid to a fact that in the ultra-refined grains, upper-shelf energy could 
be kept at 270 J even if 0.1 mass % P was added and that toughness large 
enough also for a practical material could be secured. 
[0028] 

[Effect of the Invention] As described above in detail, according to the 
invention of this application, by the ultra-refinement of the ferrite grain size 
brittleness that is a shortcoming of P can be overcome by a large amount and a 
solid solution strengthening ability that is an advantage can be effectively 
exerted. This can show a possibility that an eco-material can be developed by 
effectively utilizing the ease with which P-added steel can be recycled. 
[Brief Description of the Drawings] 

Fig. 1 is a front general view illustrating a working method for working 
with grooved rolls and the main portion of roll apparatus. 

Fig. 2 is SEM photographs showing the structure of a C section. 

Fig. 3 is a graph showing the results of tension tests of materials 
worked with grooved rolls at a reduction of area of 85 % and hot-rolled 
materials. 
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Fig* 4 is a graph showing the results of tension tests of materials 
worked with grooved rolls at a reduction of area of 90 %• 

Fig. 5 is a graph showing the results of Charpy impact tests. 
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Fig.l 




Material is sequentially inserted between rolls 
of smaller diameters, thereby being reduced 
in sectional area. 



Working is applied to the material 
from many directions. 
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Tv^5o m\\^. 'Km&i&t\.x(Dm^-/^&m^^^< 
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[0 0 1 01 m¥i^A 0 OX^^^Kc S^sJl^TcOiaSO 
»PXtwJ:0 2 MmJeilT<7>:7ai^-^ bJaSr#5/cJs?>lc. 2 

M Ta}^XT(ov^mxmmmm&^^^^m^^tx^f\.^ 

[00 1 11 fltn->ri-ffi3i(cJ:*?»*fSrM5gi-SfiJ^ 
[0 0 1 21 ^^<:^1mii[z^vy^V'y^<:^^^<o^m^ 

±Ac z\^xrt'r^m^\-t. 4 0 o'=C7^?i^T*ti:!]Dx^'^ 

fc{l^<^F«1T*(^feflr|fK^J;&SEM-C-fc5fci6lcmi-^JDX 

[0 0 131 ^i*5. ADXfR^5!iS^(7>?&ai*'fe»±*JISStb 

<OX,^tl.±.u^;VtTu--;vt\Z^-::>X'^f^M<0^'Kt^ 

'-;\^t\z^^xni^^^\i^\'tnm^^(omiSA^(om'Kt^ 

[0 0 141 rO^BJtDP^JlJDe^^^COfb^fiK^J-lCO 

jK{t;«fe(^<*ffl^-eS^i-'5o ^{k«)^o v o 1 %t^h 2 

0 V o 1 yoCD^Il^M^ir-^^o ::oSfifijK{b4^:e)S2 

ovo \%^m^^tmm^m\^<^itir^f:i^x^ 
[0 0 151 c»c*3i>Tfi. mitm<r>{^m%t 

(om\c^ -^&?)|CHC=0. 0 7 (r^TCfi. g^^o 
:Ltt^n^^ti^o 't(o\^^ii^b\.xvxtit7L\^. s 

1 : 0. somas s %i[^T> Mn:0. 05 — 3. 0 
mass%. A1:0. lOmas s%)^Tt^h(Dt^ 

[0 0 161 Si, Mn(15^S^O.'^.^;lioV^T^^^LV^5c; 

TliO. 8ma s s%jt^TtC, Mn»tO, 0 5 — 3. 0 
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ma s s%t'r^<Otm'^L\^\ A\\'XmMUtl.X(D 

i-(Di^m^m^. M±<^mStfjt^tL^O. lOmas 

[0 0 17] r^^m®co^B^^C:toV^Tfls il^T'ti. 
0. Ima s s%feytOOP^*OlCj:t)3^tt/Bfett]l^ 

[0 0 18] -^LT. r(7)tB^(D^P^tCjoV^Tti. 

MM^m-mm^^i^^mmti^x. &.T<Dt:i^K)(Dmm 

(I) 0. 0 4-'0. 2ia& s s%<DP^^Uj&j^m» 
r-^oT. 3. 5mm^. 2 5 raTaV—i^S:^ (0%WX 
O^^jiSO. 5mm/m i n-e0^tg.§l5ii^:g^tC<J:5 
[4{^;S^35S5 0 0UP2i&.±X\ mmt^5 5 OMP aJ^Jli 

T- *> 5 r ^ sri^a i: "f- 5 p ^DS^s • mmi^i&mm 

(II) 0. 0 4-0, 2ma s s%P^^t^i^^mmX 
fooT. J I S4-§-V-notch KK^ttcJzS^ta-? 8 
K ^ X(D^m^X(Di^^ J: ;5upper-sh 
elf energy;5iS2 5 0 J ^±XhhZ t^^mt-t^PW^ 

(III) vT r s <-5 0*C-CfcSMIBOP^^S5^^ • 

[0019] ^J:^s V T r s (V— notch Charpy Test 
Transition Tenperature) n:itt&.±(OU&XUitt^lSi 

<. zti&.T(o^mxm^^m:^mz'rzt^^-rh<7> 

x\ U^<Dmmti.xz(D^u±X'^t^x:h^zt^ 

^UTV^5p ii»-2 Ot:i^JLT<OvT r s 
[0 0 2 11 

immm] cD^^w^Pe-o. isc-o. as 

i-l. 5Mn(Dm^\Z0, 1 m a s s %. 0. 0 2m 

a s s%. Oma s s% (itg^W) (DP^mMLfzSm 

mtLtz, c {mm) li. ±m<DXo^co, i5fi*% 
xh^tvxy^^^tK z<Dm^\t. mit^2. 

v^x. ^>^^-?^mi&^m. (1 5 2 3K mm^. 

2 3%JET) Ltih<o^3mmiS:\.tLo Z(Oo'h<o2U 
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[00 2 21 0. 1 ma s syoPgsiJDttT^tD— yV*DX 
S:tTo:^tO^S^?^$tl?S>5o O. lmass%PT-!a 
lg^?Tofct)<7), 0. 0 2ma s s %Pi3j;TJ^0m a s 

10 :^1}W'JLt \^tio 

(2) ^#fD;^^fc^§^«■(i:^tS^*^^cov^T-?:<^al^€:la^ 

[0 0 2 31 WfSP3. 5mm0. 25mmy 

— iyS:^(D%mX<DWXj^n^m\^^tim^^&0, Smm 
/mi n-X?0^?S.513il^i^*5j:t;? J I S4-^V -notch 

-mm^m^n^fz^ m 2 umm s 5 %xm^-/i^ 

:^JDX(War[rL Rolled) J: «9 SSSWt^LlTcjgJ^ (-i22 1 2 
mm^Stt) CDC»r®^«Rl^LfcSEM¥X-efo5o 

20 [0 0 2 4] 0. l%p^'&Wi-5^?qt^■(ci3v^■r^i. 

«S*a«t60m«35^#bi^-CV^Sr ^d5t>;6^;5, 113 
ti. S®*8 5%-CStn— /v-jbDXCWarm. Ro II ed) (d <t 
j@S3taB^b L fc_hia^)pf t . EE^^t (Hot-Ro 1 1 ed) <i: O^fJt 
t b-C5l3i^^O^:^^^Lfct>(7>T'fc^o 

[0 0 2 51 m^—^^Mj:\^itm^tmmut(o]t^t 

l.xmh:^^ti:m^mt(D^SimzX*) . O. 1%PSI^JD(D 
l^t^^^T^S 0 0 P a . 3^ST*2 0 OMP a 

±m^misbhti^o ^fz. p<DmM^^ti.x. mc< 

30 « n -/V^X Uf:: 0 % P O ^> O tClt-<T ^{^^^tCOV ^T 
fi$b{C9 OMP a b 9 5 MP 

a<D±m^m^bix^o vi)^hi^—#xfmm^tix\^^ 

5o je'«aj««t-*5VNTt>P^S^Dl;iJ:5^{W5a::^^a^ 
^m^l^^o^'-</^-C5^liglS^^^r irjcjit). Pmwt^ 
1 Mmi^T^O@^a^^^C:^oV^Tt>@^^^^:t^^^^^C 

[0 0 2 61 ^mu (0. i%P^*n. St 

u—juMX.) (Om^^Zi-t^ ^i)tJ^.t LT6 1 OMP a. 
3ig^UT695MPa P^DOfii^^ffld^f 

40 htix\f^^ztf>^i^^^^o ia4(i. msms o%xm^ 

-/^mj:Vti^mc-::>\,^XEEmUt(OMitt LT?l5iW 

[00 2 71 0 . 1 %PW^m<D^^W^. 
*tCj:0»{^^"t?4 3 OMP a. 3SS"C2 3 0MPa± 
#L. Pf^Ss^P^m^ UT. l^{;^^.tCOVNr^b{;il 3 
OMP a35^ 5feg^COV^T^?b^Cl 1 OMP a±#UT 

0 . 1 % p w^mm^—zi^imiLx^itmBm 9 0 %(oi&mm 

mti^X. I^{^.^.7 5 OMP a . 5ilS7 8 0MPaO4* 

50 \i.(Dh(7>t>mbt\^x\^^^ Z tt^t>f)^^o 
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( 3 ) p ?3?JD J: 5 mmM,x-^^ afett(7)^Mt-o V ^T n 

^{zmWmmzti:^ to. l % P UX t>upper-sh 
elf energy;eiS2 7 0 J ic^Si^^n. ^fflWi: bX 

[0 0 2 8] 
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[112] cmm(Dmm^m^vtisEM^Mx$>^o 

[1114] }^®^9 0%(O8fcn— /^J!JDXW^;loV^-C§l5i« 
[13 5] v''t/i-l:'-®K^®^O^^^^LfciaT*fo5o 
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o.i%P warm Rolled 
(Ultra fine grain) 



[112] 



0.02%P Warm Rolled 
(Ultra fine grain) 



0%P Warm Rolled 
(Ultra fine grain) 
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